A narrowband channel model for multipath fading in aeronautical telemetry applications is described. This channel is composed of a line-of-sight signal, a specular reflection whose strength is 20% to 80% that of the line-of-sight signal, and a diffuse multipath component whose power is 10 to 20 dB less than that of the line-of-sight signal. Thus the channel is close to additive white Gaussian noise (AWGN) with strong specular interference. Data collected from three test ranges is used to test the accuracy of the model and form the basis of the description.
I. INTRODUCTION
Multipath interference causes fading and signal outages during certain key portions of many test flights in aeronautical telemetering applications [ 1, 21. Multipath propagation is a common problem in wireless communications and occurs when there exist multiple propagation paths between the transmitter and receiver. Except for the line-of-sight signal, these other propagation paths result from reflections and scattering of the propagating electromagnetic field by objects in the propagation environment. The degree to which these reflections distort the received signal depend on the number and strength of the reflections (which in turn is a function of the electric properties of the reflectors and scatterers) and the discrimination of the antenna gain pattern in the direction of the arriving reflections [3] .
Channel models are used to represent a mathematical description of these effects and to evaluate digital modulation performance [4] . Practical telemetry situations all have line-of-sight propagation with ample opportunity for specular reflections and diffuse scattering. Typically, multipath interference is not a problem throughout the entire test flight, but only during those portions where the flight profile results in low elevation angle tracking by the receiver site. Unfortunately, these scenarios are often the most mission critical. Thus an accurate model for the multipath interference is prerequisite to the investigation of mitigation techniques.
causes random fluctuations in the envelope of the received signal [SI. Without taking channel measurements, it is well known that the statistical variations of the envelope on a line-of-sight channel with diffuse multipath is characterized by the Rice probability density function [6] . This probability density function can be parameterized by n which is the power ratio of the line-of-sight component to the diffuse component. In this way, K. is a quantitative measure of the severity of the multipath interference: when K is large (say, greater than 20 dB), the channel is well approximated by an additive white Gaussian noise (AWGN) channel and when K is small (say, smaller than -20 dB) the channel is well approximated by the RayIeigh fading channel. When a specular reflection is also included, the envelope variations are still characterized by the Rice probability density function, but require two parameters: K and r which is the amplitude ratio of the specular reflection to the line-of-sight component.
This correspondence confirms these assumptions and provides values for K. and r based on channel sounding data collected at Edwards AFB, California, White Sands Missile Range, New Mexico, and Patuxent River Naval Air Weapons Center (NAWC),
Maryland. These values are important since K and r determine the system bit error rate performance in these environments [6-81. A line-of-sight channel with both specular and diffuse multipath is characterized by the impulse response For a narrowband signal, the multipath interference
where a, is the amplitude of the line-of-sight signal component; u1 is the amplitude of the specular reflection; At?, is the phase shift of the specular reflection relative to the line-of-sight component; Awd,, and Awd,? are the Doppler shifts of the specular reflection and diffuse multipath, respectively, relative to the line-of-sight component; r, and r2 are the delays of the specular reflection and diffuse multipath components, respectively, relative to the line-of-sight component; and E(t) is a complex zero-mean Gaussian random process with autocorrelation function
The specular reflection is similar to a mirror reflection (except for the attenuation factor) and depends on the reflection coefficient of the reflecting surface (which is a function of the permittivity and permeability of the reflecting surface [9] ) and the antenna gain pattern in the arrival direction of the specular reflection [lo] . (3) Equation (3) is the form of the aeronautical channel proposed by Bello [3] which assumes r(7) = exp{-~(mB,,)*) for the case of aircraft to synchronous satellite communications.' When al ( t ) = 0, this model simplifies to the Rice fading channel commonly used to model the land mobile satellite channel [6] . When The model parameters depend on the electric properties and spatial orientations of the reflectors in the propagation environment. Obviously, as the environment changes due to transmitter movement, the model parameters will change. The result is a channel with time-varying statistics and model parameters. However, if we assume that over a short enough time interval the model parameters are constant, then the channel is approximately wide sense stationary and the channel statistics can be computed using time averages. Thus we assume the actual channel is composed of a series of pseudo-wide-sense-stationary channels as is commonly done (see [13] ).
Wideband channel sounding techniques are required to measure all of the channel model parameters. These techniques include transmitting a sequence of ideal impulses and recording the response [ 141, periodic pseudoimpulse excitation ' The work of Bello [3] derived Gaussian autocorrelation function for the fading process based on theoretic considerations. Experimental results [l I ] at L-band confirmed this prediction. 2Even though the Rummler model was developed using three discrete paths, the parameters over-specified the channel transfer function. Rummler fixed the delay to generate the pseudo two-path model which is widely cited today.
[15, 161, pulse compression techniques using pseudonoise (PN) sequences, and the swept time-delay cross-correlation method [ 171. Unfortunately, the cost, bandwidth, and intrusion required to perform wideband channel sounding at test ranges make this type of channel sounding impractical. We can, however perform narrowband channel sounding tests in an economical and nonintrusive way by measuring certain properties of constant envelope signals as outlined in Appendix A.
Narrowband models are appropriate when the signal bandwidth is small enough so that the fading process is frequency nonselective. Narrowband channel sounding is performed by transmitting a single frequency (usually a pilot tone at the carrier frequency) and measuring the magnitude and phase of the received tone. Most of the magnitude information can be obtained by using any constant envelope signal for x ( t ) such as the PCM/FM3 commonly used in aeronautical telemetering [IS] .
When x(t) is a constant envelope signal, the envelope of y(t) is
and tR(t) and &(t) are the real and imaginary parts, respectively, of <(t) and are Gaussian random processes with zero mean and variance 02. At any time instant to, the envelope v = e(to) is a Rice random variable with probability density function with parameters uo, u l , 02, and e(t,):
Pv(v;ao,a,,~;,wo))
). ( 5 ) 
Using the measurement procedure outlined in Appendix A, the recorded envelope data do not provide any phase information. To accommodate this reality in the statistical channel model, we assume 8 = O(t,,) as a uniform random variable on [ -T , T ] and treat the density function (5) as conditional on 8. Using the total probability theorem [19], we obtain an average probability density function for the envelope which is a function only of the parameters a,, a l , 3PCM/FM is a form of continuous phase frequency shift keying [5] which may be expressed as ~( t ) = exp{jli,(f)} where and D::
Since there is no phase information available, little can be said about the autocorrelation of the fading process <(t) or the power spectral density. However, as demonstrated in Section 111, the dominant channel impairment is the specular reflection and that the degradation due to the diffuse scattering components is secondary. In this sense, detailed knowledge of the diffuse component (other than its power) is not required to address the most serious channel impairments.
II. PARAMETER ESTIMATION
For a segment of envelope data over a short enough time interval to satisfy the quasi-wide-sense stationary assumption, the best values of uo, u l , and U: are determined using the traditional least squares curve fitting technique to match the theoretic probability density function (8) The "best" model parameters for the data (call them U,, q, and 02) are those which minimize the squared error between the histogram and pv(v; ao, al ,oz):
The Doppler shift is determined from the power spectral density of the squared envelope. The largest non-zero frequency component in the power spectral density gives an estimate of the relative Doppler shift Ow,,,.
Ill. RESULTS AND CONCLUSIONS
The modeling results for the measurement campaign are tabulated in Table I . The values of ao, a,, and o$ are less important than their relationships to each other. The performance of digital modulation schemes over such channels is a function of the ratio of specular reflection to the line-of-sight (I?) and line-of-sight power to diffuse component power ( K ) given by (15) and (16) Note that 6 is sometimes called the Rice factor since the probability density function of the envelope may be parameterized using only K for the land mobile satellite channel [6] . for this same data set are in the 11 to 15 dB range.
In general note that larger values of r are associated with smaller values of K and vice versa. This indicates that when the channel is good (i.e., a low value of I?) the channel is essentially an AWGN channel4 and when the channel is bad (Le., a high value of r ) both the specular multipath interference and the diffuse multipath interference degrade system performance although the effects of the specular reflection tend to dominate. We observe that the fading events in this data set can be well approximated by an AWGN channel with strong specular reflection whose amplitude is 50% to 90% that of the line-of-sight signal.
The White Sands Missile Range data were recorded from the telemetry downlink from a 1020 ADP missile flying captive on a fighter aircraft. The 352 kbit/s P C m M telemetry data were transmitted at 2.2345 GHz using vertical polarization at a range site is located on a hill at the edge of a dry lake bed which has a relatively high reflection coefficient. The 1.2 Mbit/s PCM/FM telemetry data were transmitted at 2.225 GHz using vertical polarization at a range 4A commonly accepted mle of thumb is to channel is essentially an AWGN channel for K greater than 20 dB [201. a Ricean fading the specular reflection can be ignored) and K was large (i.e., the diffuse component can be ignored). Taken together, these conditions approximate an AWGN channel. The other data segment (WSMR Segment 2) was well modeled by = 1 and K M 0 which is a Rayleigh fading channel with a strong specular content. This can be explained by a large number of strong reflections off the wing and aircraft fuselage during certain maneuvers.
The data collected at Patuxent River Naval Air Weapons Center were recorded from the telemetry downlink from Super Hornet test flights over the Atlantic Ocean. The PCM/FM data were transmitted at 2.3455 GHz using vertical polarization. An example of the model accuracy is illustrated for the data segment illustrated in Fig. 3 . The modeling for this data is less accurate than that for the other data sets since it was not possible to record the AM signal (see Appendix A). Generally speaking, we still observe has ti = 7.6 dB which shows that even though the specular reflection is dominant impairment, the interference caused by the diffuse component is significant. For all data segments, the relative Doppler shifts were small (less than 1.5 Hz) which implies a relatively small differential path length between the line-of-sight signal and the specular reflection. Thus, even though it was not possible to measure 7, directly, the small relative Doppler shift suggests that T~ is probably a small fraction of the bit time.
In conclusion, we propose a narrowband channel model for multipath fading appropriate for aeronautical telemetering systems. This channel is composed of a line-of-sight signal, a specular reflection whose strength is 20% to 80% that of the line-of-sight signal, and a diffuse multipath component whose power is 10 to 20 dB less than that of the line-of-sight signal. Thus the channel is close to AWGN (but not quite) with strong specular interference. The received signal envelopes were reconstructed from recorded automatic gain control (AGC) and AM voltage signals. The AGC is used to vary the gain of the receiver front end amplifier so that the absolute received signal level is centered in the linear region of the front end electronics. In basic terms, the AGC signal is proportional to a low-pass filtered version of the envelope of the received signal. The bandwidth of this signal is determined by the AGC time constant. The AM voltage is the output of a coherent AM detector subsystem in the receiver front end. This signal drives the AGC circuit in a feedback loop and exhibits variations in the received signal envelope which are not tracked by the AGC (see [21] and the references therein for a detailed description).
used to sample and record the AGC and AM signals at the test ranges mentioned in Section 111. Samples of the signal envelope e [i] are reconstructed from the AGC samples eA,c [i] and the AM samples eAM [i] using [21, 231
DATA COLLECTION AND ENVELOPE
The data acquisition system described in [22] was (17) e[i] = C . %MEil 10-eAGC[' ]/KI
K2
where K , and K, are receiver constants and C is a receiver gain constant. While this gain constant will affect absolute power levels, it will not affect power level ratios so it only needs to be constant for the data used in a data segment. Note that if the AGC voltage tracks the signal level perfectly, the AM voltage is not needed in the reconstruction of the envelope arid the envelope samples are given by [24] figure) and SNR is the signal-to-noise ratio calculated using a linear point-slope equation and the receiver constants. Since AM data was not available for the Pax River data sets, (1 8) was used to reconstruct the envelope.
Since this is only an approximation of the real system (i.e., the AGC doesn't always track the received signal amplitude perfectly), the modeling results presented in Section 111 for this data set are not as accurate as those for the other two data sets.
The details of the data acquisition campaigns are summarized in Table 11 .
